A modified form of the non-central force model which takes account of the electron-ion inter action term of the Kreb's model in the Clark, Gazis and Wallis type angular forces is considered to calculate the Debye-Waller exponents at different temperatures for five fee metals: copper, silver, gold, aluminium and nickel. The results are compared with the available x-ray measurements in terms of the temperature parameter Y of the Debye-Waller factor, the Debye characteristic temperature ©m and the mean square displacement of the atoms. The theoretical results are found to be in reasonably satisfactory agreement with the experimental values. 
Introduction
It has been shown experimentally that the inten sity of x-ray diffraction maxima decreases with rising temperature on account of thermal vibrations. An explanation of this effect was first given by Debye and subsequently modified by Waller who showed that this decrease could be expressed by an exponential factor exp { -2 W}, often referred to as the Debye-Waller factor. The exponent 2 IF is directly related to the mean-square displacement of the atoms u2 and correlates with many other solid state phenomena such as neutron scattering, elec trical conductivity and melting. The exponent 2 W has normally been calculated by the hypothetical Debye model applied to lattice vibrations of crystals and is expressed as a known function involving the characteristic temperature This method has been shown to be inadequate1 and therefore necessi tates a more realistic approach to compute the Debye-Waller factor of cubic structures.
However, in the recent past various phenomenological models have been applied by a number of workers (Chandra and Hemkar2, Satya P a l3, in explaining the lattice dynamics of both bcc and Gupta7 to compute the exponent 2 W using their vibration spectra. But these approaches min the symmetry requirements of the crystal and hence the frequencies obtained are not periodic in reciprocal space. In addition, in summing the series, the term corresponding to k = 0 has been neglected by these workers because the value of the wave vector in this case corresponds to a non-vibrating lattice for which the Debye-Waller exponent vanishes. Therefore, the contribution of the central part of the Brillouin zone has not been taken into account in these cal culations. Hence, not much reliance can be bestowed upon their computed 2 W values.
Recently Shukla et al.8 suggested a modification in the Clark, Gazis and Wallis (CGW) model 9 for fee metals, in order to make it more in accord with the physical situation, by incorporating the effect of the conduction electrons. They have used this ap proach in studying the phonon dispersion of copper and have claimed its superiority over other phenomenological and angular force models as better results are obtained with it. Quite recently a similar im provement in the CGW angular force model for the bcc metals has also been made by the present authors 10' 11 and was used successfully for the lat tice dynamical study of a number of bbc metals 10_13. The marked success of this modified CGW scheme in explaining the lattice dynamics of both bcc and fee metals has prompted us to follow the same pro cedure in studying the temperature dependence of the Debye-Waller factor exponents, the Debye char acteristic temperature and the mean square dis placements of the atoms in the five fee metals, viz. Cu, Ag, Au, Al and Ni.
This approach takes into account the electron-ion interaction term of the Krebs model14 along with the ion-ion central and ion-ion angular interaction as in the CGW model. The angular and central in teractions are assumed to be effective only up to second neighbours. This model is superior to the above mentioned models in the respect that it satis fies the symmetry requirements of the lattice.
Theory
In the present calculations the contribution to the Debye-Waller exponent W is assumed to be con sisting of two parts:
(a) The phonon dependent part W which is ob tained from the knowledge of the whole vibra tion spectrum. (b) The part W" which is the contribution of the central part of the Brillouin zone, correspond ing to k = 0 and is evaluated in the Debye ap proximation.
(a) In the harmonic approximation, the exponent of the Debye-Waller factor W' is related to the mean square displacement of the atoms and is written as (James 15) 2W ' = (\K -U (n)\2)
where ll(n) is the displacement of the nth atom and K denotes the difference of the initial and final wave-vectors of the wave. From the knowledge of the time dependence of the atomic displacements and the average energy of the phonon in mode q, the amplitude Uq of the mode q can be written as
Here m is the mass of the atom, N the total number of unit cells in the crystal, h Planck's constant divided by 2 ji, coq the frequency of the normal mode of wave-vector q, and nq the average occu pation number of q lattice mode given by nq = [exp {h coq/kBT }-1]~1
where T is the absolute temperature and kB Boltzmann's constant. With the help of Eq. (1) and (2) we get h ^ (K -e q,j) 2 (nqJ + 1) m J\ q,j
where j is the polarization index and e q,j the po larization vector of the (q ,j) lattice mode. The summation over q extends over all normal vibra tions of the crystal. For a monatomic cubic crystal, the polarization factor ) K -e qj ) 2 may be replaced by its average value outside the summation and Eq. Here 0 is the glancing angle of the incidence and X the wave length of the incident wave.
(b) Since all the modes are acoustic for a mon atomic lattice, co is zero when k = 0. Following Bar ron and Smith 10 we can avoid this singularity in the sum by replacing the contribution to the sum at k = 0 with an integration of the energy term, 
D(C) = P i f .
x J ( + 4 P* (10) where P = 4 I 2 kB T' km SL X /C2 , x = 4 X2 h &max C/kB T and t = 2 X h k C/kB T .
The value of the integral contained in the expres sion for D (C) can be substituted from standard tables. The Debye-Waller factor W is now calculated from the Eqs. (5) and (7). For a Debye model of the solid, the temperature dependence of the DebyeWaller exponent can be written as
Here ©m represents the effective x-ray characteristic temperature, (x) the usual Debye integral func tion and x = 0y[/T.
Similarly, in harmonic approximation, the mean square displacement of the atoms u2 is given by the following relation ,2___ -3 8 a2 The secular equation determining the lattice fre quencies of the metals was solved for these nonequivalent points and thus the complete vibrational spectrum was obtained. In evaluating the summa tion in Eq. (5), we divided the whole vibrational spectrum into a number of frequency intervals and assigned appropriate weights to each interval. The mean square displacement of the atoms u2 and the Debye characteristic temperature @m at different temperatures were evaluated from Eqs. (12) and (11), respectively.
The elastic constants and other relevant parame ters used in the calculations are given in Table 1 . Silver. The effect of temperature on the intensity of x-ray reflections for silver have been investigated by different workers 26-31 by using slightly different techniques. Andriesson27 used silver powder and carried out the intensity measurements over dif ferent diffraction lines in the temperature range 291 to 875 K. His results are, however, not suffi ciently accurate as they were affected by the change in extinction effects and the oxidation of the surface of the scattering material. Boskovits et al. 26 ob served the integrated intensities of diffraction lines (111) and (422) 
Discussion
The present study shows that the Debye-Waller temperature parameter Y obtained from the modi fied CGW angular force model offers a satisfactory explanation for the observed temperature variation of the x-ray intensities of Bragg reflections up to a certain temperature. However, at higher tempera tures the experimental values of 2 W are consistently higher than the theoretical ones and this discrepancy increases with temperature. The disagreement be tween theory and experiment at high temperatures may be attributed to the neglect of the lattice ex pansion (Zener and Bilinsky40) and other anhar monic effects (Hahn and Ludwig 41, Cowley 42, Maradudin and Flinn 43, Slater 44 and Wolfe and Good m an45). Anharmonic contributions vary mostly as the square of the absolute temperature and become predominant at high temperatures. In the calcula tions no account has been taken of the temperature variation of the elastic constants and the lattice parameter. With increasing temperture the normal mode frequencies decrease because of thermal ex pansion. This effect depends upon the Grüneisen parameter which changes with lattice frequencies and temperature. According to studies made by various workers it has been seen that frequency distributions of fee metals can be approximated by two peaks, the lower frequency peak being of larger area. At higher temperatures the Debye-Waller ex ponent depends the lattice frequencies as 2 C09,j • q 7. The lower frequency peak therefore contributes much more to 2 W than the higher frequency peak and therefore largely governs the intensity of x-ray reflections. Since the Grüneisen parameter for this peak and its temperature variation is not known, no quantitative calculation of the thermal expansion effect on the x-ray intensities has been possible.
